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VEMUS H,4I,O : PHOTOiJiETRIC EVIDENCE FOR 

ICE I N  THE VENUS CLOUDS 

ABSTRACT. Photometric observat ions of Venus near thq 1969 

i n f e r i o r  conjunct ion ind icq te  an anomalous br ightening  of 

about 0.07 magnitude a t  158' phase angle .  The width of t h e  

br ightness  maxipum i s  about 7 O  and it$ peak i s  beOween 1.1 

apd 4 .4  s-kandard devia t ions ,  depend in^ Qn color ,  from t h e  

expected backgrovnd pha$e cuyvq, These resuJ.ts tend t o  

canf i r m  e a r l i e r  ~ b s e r v a t i o n a  which marginally showed t h e  

sgme br ightness  maximum. This i s  p r e c i s e l y  t h e  b e h ~ v l o r  

expected if t h e  Venus cloud tops  were t o  copta in  a small  

abqndancq ( a  Sew peycent) of hexagonal water- ice  crystal^, 

producing a h a l o  e f f e ~ $  analogous t o  t h e  conyon t e r r e s t r i a l  

22' ha lo  phenomenon, Proof of such a ha lo  e f f e c t  c a w i n g  

Venust brightening cannot be considered as  unequivocal, b u t  

the  obqervations aye c e r t a i n l y  provocative enough t o  Conr 

clude t h e r e  i s  s t rong evidence t h a t  some qf' t he  Venus cloud 

tops conta in  hgxagonal i c e .  



VENUS U L O :  PHQTOEvlETXIC EVSDFNCE FOX 

TCE IN THE VENUS CLOUDS . 

The questLon of whether H,O i c e  e x i s t s  i n  %he Venus 

clouds has perhaps generqted more debate,  controversy and 

f r u g t r a - b i ~ n  than any a t h e r  t o p i c  i n  modern p lanetary  

astronomy. The h i s t a r y  of t h e  deba-be i s  too i n v ~ l v e d  $0 

d i scvss  each event i n  t h i s  y e p ~ r t ,  so I s h a l l  only mentioq 

thv high p p i n t s .  In 1964, Bottema, Plumrner, S t r ~ n g  and 

Zander obtained a nea r? in f ra red  spec'krum of Venus from 

a h igh-a l t i tude  bal loon and concluded t h a t  t h e  ~ l c y d s  a r e  

composeq of H20  i c e .  Beqause t h i s  c o n t r a d i c t s  previous 

obpervations t h a t  H20 i c e  Was no t  de tec ted  ( 2 ) ,  many ana l -  

yses have beeq peyfprmed s ince  then, bu t  they too  have Led 

t~ c o n f l i c t i n g  conclusions,  both p ~ o  (3)  asd con ( 4 ) .  

S t i l l  t h e r e  are some genera l  t h ~ u g h t s  uQQn which m ~ s t  

i n v e s t i g a t o r s  seem t o  agree:  

1, There i s ,  a s  ye t ,  no defini-bive evidence e i t h e r  

pro or  con. 

2 .  If i c e  i s  t h e  main c p n s t i t u e n t  of t h e  Venus clouds,  

then i t  i s  f a i r l y  c l e a r ,  f r ~ m  t h e  l ack  of an absorpt ion fea -  

t u r e  a t  1,5p, t h a t  t h e  predominant p a r t i c l e  s i z e s  a r e  very 

small (521;), unl ike  the  case ~f t e ~ * r e s t r i z , l  c i r r u s  clouds,  

3. The photometric p r o p e r t i e s  of the  Venus clouds i n  

the visible are sLrniLar to those of ice, From the phase 



11 curve, Arking and P o t t e r  ( 5 )  concluded, one may consider  

t h e  cloud p a r t i c l e s  on Venus t o  be c lose  t o  w8tier dropl.c"c, 

$ce p a r t i c l e s ,  or  par t i . c les  of t r ansparen t  minerals  such a s  

It quar tz .  They de r ive  p a r t i c l e  6 izes  $round 4 ~ .  which, wi th  a 

l i t t l e  s t r e t c h i n g ,  may be recovci led wi th  t h e  i n f r a r e d  ob- 

serva t ion$.  

4. The po la r ime t r i c  p roper t i e s  of Venus a r e  perhaps 

incompatable wi th  i c e  as the  major clqud const$tuen'c, 

Coffeen (4.) derived a  range of ind ices  of r e f r a c t i a n  of 

1 , 4 3  t o  1.55, whereas i c e  i s  1.31. However, Sagap (3) re -  

 ponds t h a t  an admixture of dus t  p a r t i c l e s  can b r ing  the  

r e s u l t s  i n t o  acqord and mqy expla in  t h e  yellow color  of 

Venus. Coffeepts  mean p a r t i c l e  s i z e  i g  2 . 5 ~ .  

5. It i s  d i f f i a u l t ,  though perhaps no t  $mpossible, t o  

r econc i l e  spectrosqopic observat ions of the  low abundancq 

of water vapor on Venus wi th  the  formation of y a t e r  clouds 

on Venus. Belton, Hunten and Goody ( 4 )  have argued t h a t  t h e  

water vapor mixing r a t i o  i s  some t h r e e  orgers  of magnitudq 

t o o  low f o r  water clqud formation. On t h e  ~ t h e r  hand, Sagan 

and Poll%ck ( 3 )  be l i eve  t h a t  the  d a t a  can be b r ~ u g h t  i n t o  

accord i n  view of %he u n c e r t a i n t i e s  of t h e  observat ions and 

models. Moreoyqy, they po in t  out t h a t  i f  t h e  Soviet  Venera 

measurements of w@ter vapor a r e  c o r r e c t ,  thep  the  mixing 

r a t i o  i s  s u f f i c i e n t  f o r  t h e  formati-on of water c louds,  



I n  1966, 1 searched f o r  ice i n  $be Venus clquds by an 

e n t i r e l y  d i f f e r e n t  method thhan those attempted by o-tl~er ob- 

se rve r s :  a ha lo  e f f e c t  ( 6 ) .  The commQn t e r r e s t r i a l  ha io  

phenomenon i s  a lumlnous r i n g  loca ted  22' from t h e  Sun o r  

M Q Q ~ ,  and i s  dve t o  t h e  presence of hexagonal i c e  c r y s t a l s  

i n  c i r rus - type  clouds.  

The reagon f o r  t h e  qnhaocement of lighC i n  t h e  ha lo  i s  

based OD t h e  p ~ i n c i p l e  of t h e  "angle of minimum devia t ion"  

uged i n  t h e  s tudy of prisms, A s  shown i n  Fig.  1, p a r a l l e l  

l i g h t  en te r ing  hexagonal prisms which a r e  randonily o r i en ted  

s u f f e r s  two r e f r a c t i o n s  and tends t o  favor  going i n  %he d i r e c -  

t i o n  of minimum devia t ion  ( 7 ) .  The angle of minimum devia- 

t i o n ,  d, can be cglcula$ed from t h e  f a m i l i a r  formula 

1 s i n  ( a  + d )  
n  = 

s i n  & a  

where n  i s  t h e  index of r e f r a c t i o n  of t h e  c r y s t a l  and - a i s  
0 t h e  prism angle.  For nD = 1.31 ( i c e )  and a = 60 , d  be- 

comes 22'. It i s  a l s o  noted t h a t  becauee of t h e  wavelength 

dependence of t h e  index of r e f r a c t i o n ,  the  angle of miniqum 

d e ~ f a t i o n  i s  l e s s  f o r  red l i g h t  khan f o r  blue l i g h t ;  t h i g  

causes t h e  red  band, which o f t e n  appears Ins ide  a  ha lo ,  

Most haloes a r e  about 2 t o  3 degrees i n  width and tend t o  

d i sappea r  i f  t h e  particle sizes are too  s m a l l  (52~) because 

of d i f f r a c t i o n ,  F r e s n e l l s  Laws predict a polarization min- 

imum a t  ha lo  b r i g h t n e s s  maximum (6). 



Wllen appl ied  t o  Venus, the approach i s  simpl-y t o  moni- 

t o r  the  b r igh tness  and polarizaLion i n  var ious colors  a$ 

Ver)ug passes  through 180'- 22' = 158' phase angle .  My 1966 

r e s u l t s  ind ica ted  a marginal Venus ha lo  e f f e c t  - 0 .05  mag- 

n i tude  br igh$er  than t h e  background phase curve.  S imi lar ly ,  

t h e r e  was suggestion of a poJa r i za t ion  minimum of depth 

- 0 " 3 %  from e a r l i e r  observa2;ions by D ~ L l f u s  ( 8 ) .  In  both 

cases ,  however, t h e  e r r o r  s c a t t e r  was a s  l a r g e  a s  t h e  appar- 

e n t  e f f e c t .  A% t h e  time I was forced t o  conclude t h a t ,  "at 

most, a small  f r a c t i o n  ( a  few per  c e n t )  of t h e  tops  of the  

Venus clouds would c o n s i s t  of halo-producing c r y s t a l s ,  i. e .  

hexagonal i c e  wi th  s i z e s  somewhat g r e a t e r  than a wavelength 

of l i g h t . "  

Caution i s  necessary i n  t h e  i n t e r p r e t a t i o n :  When we 

+re observing a Venus halo,  we q re  looking - down i n t o  t h e  

clouds,  yhere much of the  r e f l e c t e d  sun l igh t  i s  mul$iply- 

s c a t t e r e d .  In  t h e  i d e a l  t e r r e s t r i a l  case,  t h e  halo s tands  

put seve ra l  magnitudes g r e a t e r  than  the  background because 

s i n g l e  s c a t t e r i n g  domipates. Using a semi-empirical model, 

I estimated t h a t  about 15 percent  of the  incoming s o l a r  

r a d i a t i o n  i s  s ing ly - sca t t e red  by the  Venus clouds a t  158' 

phase angle (6), This would suggest t h a t  i f  the  Venus 

cloudtops were composed e n t i r e l y  of hexagonal i c e  with 

s u f f i c i e n t l y  large p a r t i c l e  s i z e s ,  then one would observe 

a ha lo  which i s  about ope rna,gnitude brighter than bhe back- 

ground phase curve,  



Diersr~endjian (9) has "takzml exception t o  t h i s ,  H e  

wrote,  he poss ib le  ex is tence  of a halo e f f e c t  i n  d i f fuge  

r e f l e c t i o n ,  suggested r e c e n t l y  by OILeary as an ind ica t ion  

of t h e  presence of i c e - c r y s t a l  clouds,  i s  phys ica l ly  and 

t h e o r e t i c a l l y  untenable ."  In  o the r  word,s, he contends t h a t  

looking i n t o  @n o p t i c a l l y  t h i c k  cloud would completely wash 

out  the  ha lo .  

I do not  agree.  The observat ion of 22' haloes from 

a i r c r a f t  f l y i n g  above o p t i c a l l y  t h i c k  c i r r u s  clouds i s  a 

common sigh$; I once observed such a  ha lo  which was about 

one magnitude b r i g h t e r  than t h e  clovd background. Moreover, 

t h e o r e t i c a l  phase funct ion  c a l c u l a t i o n s  of water clouds a t  

var ious  o p t i c a l  depths show t h a t  t h e  rainbow, which i n  t h i s  

d iscuss ion  can be considered a s  a  reasonable analogy t o  t h e  

halo,  does no t  completely disappear even a t  very l a r g e  o p t i -  

c a l  depths; it i s  somewhat weakened by the  increased cow- 

ponent of mul t ip le  s c a t t e r i n g  and remains unsh i f t ed  (10) .  

The purpose of t h i s  r e p o r t  i s  t o  present  more recen t  

photometric observat ions which I be l i eve  s t rong ly  sugges* 

t h e  exis tence  of the  Venus ha lo .  1 made the  observat ions 

during two ha lo  oppor tuni t ies  near t h e  1969 i n f e r i o r  con- 

junct ion a t  the  K i t t  Peak Number 4 16-inch te lescope .  The 

ins t rumenta t ion  and procedure were s i m i l a r  t o  those used i n  

the  e a r l i e r  work (6), except t h a t  I used an in f ra red-sens i -  

t i v e  pl-iotornuitiplier tube (KCA '7102)~ a  radium source f o r  



0 

c a l i b r a t i o n ,  and the  nasrow-band f i l t e r s  (100 A width)  t~ 

f u r t h e r  c u t  down the  l i g h t  i n t e n s i t y  and elimi.nate $he 

e f f e c t $  of second-order e x t i n c t j o n  (11). 

Figure 2 shows t h e  r e s u l t s  i n  5 c o l o r s .  The b r igh tness  

of Venus, reduced t o  u n i t  d i s t ance  from t h e  sun and earkb, 

i s  the  o rd ina te  i n  u n i t s  of r e l a t i v e  magnitudes per  u n i t  

a r e a  of the  c rescen t .  The dashed curve drawn through the  - 
po in t s  r ep resen t s  a  fourth-order  l e a s t  squares f i t  ca lcula-  

t e d  by computer ( 1 2 ) .  The s tandard devia t ion ,  o, of the  

po in t s  from t h e  curve i s  l i s t e d  f o r  each co lo r  i n  Table 1. 

It i s  immediately apparent tha t ,bes ides  t h e  d a t a  i n  the  b lue  

wavelength, t h e  e r r o r  sca tke r  i n  the  1969 observations i s  

considerably l e s s  than - i-0.05 magnitude obtained i p  1966 ( 6 ) .  

This improvement i s  pr imar i ly  due t o  t h e  f a c t  t h a t  the  l a r -  

g e s t  Source of e r r o r  i n  the  e a r l i e r  observat ions,  photomul- 

t i p l i e r  tube f a t i g u e ,  h9s been removed. The l a r g e s t  sources  

af e r r o r  i n  t h e  1969 observat ions were f l u c t u a t i o n s  i n  t h e  

daytime sky b r igh tness  and extinckion, bu t  the  e r r o r s  were 

small enough t o  b r ing  t h e  threshold  of ha lo  de tec t ion  we l l  

below 0.05 magnitude, p a r t i c u l a r l y  i n  t h e  near - inf rared  where 

the  sky b r igh tness  and e x t i n c t i o n  a r e  low. 

The next  s t e p  i n  the  reduct ions was t o  cons t ruc t  t h e  

expected background phase curve i f  t h e  ha lo  were not  p r e s e n t ,  

One method i s  t o  attempt a  l e a s t  squares f i t  on those po in t s  

which l i e  ou t s ide  the  iialo region, i . e  . , outside 156115 - < a 

< 160?0, A th i rd-order  f i t  i s  shown a s  s o l i d  curves i n  - 



Figure 2 (13); from t h i s  comparison i t  i s  i~rrfiediately appar- 

e n t  t h a t  the re  i s  a b r igh tness  maximum near 22O. The maxi- 

mum devia t ions ,  D, of' t h e  f o u r t h  order  dashed curves frqrp t h e  

expected background curves a r e  l i s t e d  i n  Table 1. The vex% 

column of t h e  t a b l e  shows va lues  of ~ / o ,  and we see  t h a t  t h e  

two curves a r e  separated by a s  much as 4 . 4  s tandard devia- 

t i o n s  i n  t h e  nea rT in f ra red  observat ions (F ig .  2 b ) .  

However, the re  a r e  no background po in t s  e i t h e r  wi th in  

t h e  ha lo  region and far  from the  ha lo  region, making it 

d i f f i c u l t  t o  a s s e r t  t h a t  the  s o l i d  curves a r e  t h e  most 

p l a u s i b l e  ones. The non-l inear  surge of t h e  background 

curve toward smaller s c a t t e r i n g  angles  i s  obviously due t o  

forward s c a t t e r i n g ,  but  the  exact  na tu re  of t h e  beno doe8 

n o t  depend so  much on mathematical models as on phys ica l  

r e a l i t i e g .  I p  gap$, t h e  s o l i d  curves seem t o  demonstrate 

a s t ronger  ha lo  thap t h e  eye would es t imate ,  

Unfortunately our knowledge of t h e  behavior of t h e  

Venug phase curve near i n f e r i o r  conjunction i s  too  poor t o  

know t h e  exact  na ture  of t h e  forward-scat ter ing break of t h e  

curve.  However, f i t t i n g  t h e  po in t s  f o r  a > 160' and < 15605 

by eye and a French curve provides a u s e f u l  a l t e r n a t i v e  t~ 

t h e  cubic polynomial f i t ;  these  a r e  shown a s  dotted-dashed 

curves i n  Figure 2 .  I n  t h i s  case,  t h e  value of the  maximum 

dev ia t ion  from the dashed curve i s  D = 0,06 magnitude f o r  

a l l  c o l o r s .  Table 1 Pests  the  values of 0,06/c~, and ,  agaln,  



there is a significant sepa ra t ion  between the  curves: t he  

dev ia t ions  go up t o  2 , 9 a  f o r  the  nea r - in f ra red .  

Inspect ion  of the  curves a t  0.85 and 1 . 0 5 ~  (F ig ,  2b)  

i n d i c a t e s  t h a t  the  separa t ion  of t h e  dashed curve from the  

background curve must be a t  l e a s t  D = 0.04 magnitude f o r  any 

reasonable method used t o  def ine  t h e  background curve; othgr-  

wise t h e  background curve i t s e l f  would show a l o c a l  maximum 

near  a = 158'. There i s  l i t t l e  quest ion,  the re fo re ,  t h a t  

Venys br ightened anomalausly $0 a  ma,ximum devia t ion  D = 

0.07 - + 0.03  magnitude f o r  a 3' i n t e r v a l  near a - 15%'; c h i s  

i s  p r e c i s e l y  a s  expected f o r  a  weak ha lo  e f f e c t .  

Since the  indey of r e f r a c t i o n  of i c e  i s  wavelength- 

dependent, t he  ha lo  p o s i t i o n  should s h i f t  wi th  t h e  wave- 

l eng th  of o b s e r v a t i o ~ s .  The arrows i n  Figure 2 i n d i c a t e  

those phase angles  corresponding t o  t h e  angles  a f  minimum 

dev ia t ion  f o r  each wavelength ca lcu la ted  from equ3tion (1); 

we see t h a t  t h e  ha lo  p o s i t i o n  should s h i f t  from 22% i n  t h e  

b lue  t o  21% c~t 1 . 0 5 ~  ( 1 4 ) .  Note these  p o s i t i o n s  do not  

correspond t o  t h e  ha lo  maximum, bu t  r a t h e r  t o  the  t h e o r e t i c a l  

inne r  boundary of t h e  ha lo  (15) .  However, the  sun subtends 

nea r ly  a degree of a r c  a t  Venus which tends t o  smear out  t h e  

ha lo .  Therefore,  the  halo maximum should be loca ted  a t  a  

phgse angle about a  ha l f  a  degree l e s s  than each arrow loca-  

t i o n ,  



T i l t s  beh;xyiar is generaizy observed i i i  Figure 2 ,  although 

any a c t u a l  s h i f t  of the  ha lo  wi th  color  i s  i ~ o t  a p p a r e l ~ t .  

In  view of t h e  u n c e r t a i n t i e s ,  p a r t i c u l a r l y  a t  s h o r t e r  wave- 

l eng ths ,  I do no t  consider  t h e  l a c k  of a  co lor  e f f e c t  t o  be 

a se r ious  argument aga ins t  t h e  presence of a  Venus ha10 

e f f e c t .  

It i s  conceivable t h a t  t h e r e  a r e  o ther  i n t e r p r e t a t i o n s  

of t h e  anomalous br ightening  of Venus a t  a = 1 5 8 O .  For 

example, i t  may be caused by a  meteorological qu i rk  i n  the  

Venus ~ 1 ~ ~ 4 s .  O r  perhaps t h e r e  a r e  c r y s t a l s  of o the r  con- 

s t i t u e n t s  whose shapes and ind ices  of r e f r a c t i o n  fo r$u i tous ly  

cojnbine t o  producq a  22'-halo. F ina l ly ,  i t  i s  poss ib le  t h a t  

t h e  traylsparency of t h e  atmosphere over K i t t  Peak, both be- 

f o r e  ana af-ber i n f e r i o r  conjunction, suddenly improved by 

- 0.05 mag. per  u n i t  a i r  mass near  a = 158'. 

I n  my opinion, any of these  a l t e r n a t i v e  i n t e r p r e t a t i o n s  

i s  un l ike ly .  I t he re fo re  conclude t h a t  t h e r e  i s  s t rong ev i -  

dence f o r  a s m a l l  f r ac%iona l  abvndance ( a  few p e r c e n t )  of 

hexagonal pure H20-ice c r y s t a l s  wi th  s i z e s  g r e a t e r  tban a 

few microns i n  the  Venus cloud tops .  This does not  preclude 

t h e  p o s s i b i l i t y  of l a r g e  abundances of water i c e  i n  o ther  

forms-impure, nonhexagonal or  small  p a r t i c l e  s i z e s  ( 1 6 ) .  

I urge confirmation of these observat ions over a  wider range 

of phase angles during the  next  opportunity i n  November 1970. 



One ~nteeresc ing  bypx.oduc~ of Llie obsesva, t ions i s  t o  

compare the  photometric p r o p e r t i e s  of Venus near a = 158' 

a f t e r  i n f e r i o r  copjunction wi th  those f o r  t h e  same geometry 

before i n f e r i o r  conjunction. Table 1 shows the  s h i f t ,  A, 

necessary t o  b r ing  the  two s e t s  of observat ions i n t ~  accord 

(12)  

It i s  apparent t h a t  Venus i s  f a i n t e r  and appreciably 

redder  a f t e r  i n f e r i o r  conjunction. The co lo r  e f f e c t  i s  par- 

t i c u l a r l y  i n t e r e s t i n g ,  because i't c:onf'irms observat ions made 

near  t h e  1966 i n f e r i o r  conjunction (6, 17). It i s  tempting 

t o  suggest t h a t  the re  i s  a  systematic  change i n  t h e  s c a t t e r -  

i ~ g  p r o p e r t i e s  of t h e  cloud tops  between e a r l y  Venus morning 

and l a t e  af ternoon.  

F ina l ly ,  t h e  observations show t h a t  t h e  br ightness  

surge of forward s c a t t e r i n g  i s  g r e a t e r  i n  t h e  red than blye,  

again i n  t h e  same sense a s  the  1966 r e s u l t s  ( 6 ) .  

Future earthbased photometry and imagery from t h e  1974 

f lyby  of Venus should add important new components of our 

understanding of the  Venus clouds (18). 

Brian 0 '    ear^" 
Laboratory f o r  P lanetary  Studies  

Center f o r  Radiophysics and Space Research 
Cornel l  University,  I thaca ,  New York 14850 
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i s  operated by the  Association of Unive r s i t i e s  f o r  Research 
i n  Astronomy, i n c , ,  under con t rac t  w i t h  the National Science 
Foundation. 



Table 1 

Wavelength 

Standard Maximum deviation 
deviation from 
fourth order fit 

0 (mag. 

from background 
cubic fit, 
D (mag. ) 

a A = the brightness which must be added to the observations before inferior con- 

junction to match observations after inferior conjunction (12). 
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The observat ions were made i n  t h e  daytime and t h e r e  

were no comparison s t a r s  which were b r i g h t  enough 

or  c l o s e  enough t o  Venus t o  make reasonable c a l i b r a -  

t i o n s .  For ex t inc t ion ,  I used K i t t  Peak mean va lues .  

The b r igh tness  pe r  u n i t  a r e a  of Venus a t  a given phase 

angle a f t e r  i n f e r i o r  conjunction was d i f f e r e p t  than 

t h a t  f o r  t h e  same phase angle before i n f e r i o r  con- 

junct ion.  The s w e  fourth-order  l e a s t  squares pro? 

gram was used t o  b r ing  t h e  two s e t s  of d a t a  togethey.  

Attempts were a l s o  made f o r  second, four th ,  and f i f t h -  

order  f i t s .  They were a l l  roughly s imi la r ,  but  t h i r d  

order gave the  most reasonable f i t .  

The color  dependence of thq index of r e f r a c t i o n  of i c g  

a re  given i n  H.E .  Merwin, I n t e r n a t i o n a l  C r i % i c a l  

Tables - 7,  17 (1930) and N,E, Dorsey, P roper t i e s  of 

Ordinary Water-Substance, p ,  485 (Reinhold., 3940). - --- 



15. The sharp inner boundary and r e l a t i v e l y  d i f f u s e  ou'cer 

bourldary of most t e r r e s t r e a l  ha los  i s  due "c t he  

f a c t  t h a t ,  wi th  t h e  g e ~ m e t r y  i n  Fig.  1, none of t h e  

l i g h t  can be dispersed a t  angles l e s s  than  t h e  angle 

of minimum deviat ion;  t h i s  o f t en  leads  t o  a b r i g h t -  

ness minimum between s c a t t e r i n g  angles  20' and 21'. 

The minimum i s  n o t  apparent i n  any of t h e  Venus 

observat ions,  and photometric p r o f i l e s  of' t e r r e s -  

t r i a l  haloes o f t e n  do no t  show t h e  minimum. Many 

f a c t o r s  such a s  forward s c a t t e r i n g  and t h e  angular 

s i z e  of t h e  sun tend t o  smear out the sharp inner  

boundary and the  minimum. 

16.  Impur i t ies  i n  t h e  i c e  may change the  index of r e f r a c -  

t i o n  enough t o  s h i f t  o r  o b l i t e r a t e  the  ha lo .  Very 

small  p a r t i c l e  s i z e s  imply t h a t  d i f f r a c t i o n  rep laces  

geometric o p t i c s  i n  t h e  s c a t t e r i n g  process  and the 

ha lo  disappears .  Work i s  underway i n  t h i s  l abora to ry  

t o  determine q u a n t i t a t i v e l y  the  r e l a t i o n  between 

p a r t i c l e  s i z e  and ha lo  p roper t i e s .  

1 ,  The B-R co lor  index d i f fe rence  i n  1966 was - 0 . 1  mag., 

but  t h e  e r r o r  s c a t t e r  was l a rge  (+ - 0,05 mag). Table 

1 shows t h a t  d i f f e rence  t o  be O,O3 mag. f o r  t h e  

1969 observat ions,  although i t  reached 0 . 1  mag. f o r  

B-I' (1*05\J+)-  
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FIGURE CAPTIONS 

Figure 1 Geometry of t h e  22' ha lo .  When pa ra l l e l  l i g h t  

e n t e r s  a randomly-oriented hexagonal- i c e  c r y s t a l  

as above it tends t o  t r a v e l  i n  t h e  d i r e c t i a n  of 

minimum dev ia t ion .  

Figure 2 ( a )  and ( b ) :  Rela t ive  magnitudes of Venus an$ 

p e r  u n i t  a rea  of the  crescent  reduced t o  u n i t  

d i s t ance  from t h e  sun and Earth,  p l o t t e d  agains't 

phase angle a near  i n f e r i o r  conjunction 1969. 

WaveLeagths of observation, i n  microns, a r e  in -  

dicatqd next  t o  each s e t  of curves.  Each dwhed 

curve represenks a f o u r t h  order f i t  t o  a l l  

po in t s ,  each s o l i d  curve a cubic f i t  t o  the  
0 

"background" p o i n t s  a t  a < 15605 and > 160.0, 

and each dashed-dotted curve a s  eye and french 

curve f i t  t o  t h e  background p o i n t s .  Each arrow 

i n d i c a t e s  t h e  angle of minimum devia t ion  f o r  each 

color  ( see  t e x t ) .  



Figure 5 .  
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